In mammalian fertilization, the paternal genome is delivered to the secondary oocyte by sperm with protamine compacted DNA, while the maternal genome is arrested in meiotic metaphase II. Thus, at the beginning of fertilization, the two gametic chromatin sets are strikingly different. We elaborate on this contrast by reporting asymmetry for histone H3 type in the pre-S-phase zygote when male chromatin is virtually devoid of histone H3.1/3.2. Localization of the histone H3.3/H4 assembly factor Hira with the paternal chromatin indicates the presence of histone H3.3. In conjunction with this, we performed a systematic immunofluorescence analysis of histone N-tail methylations at position H3K4, H3K9, H3K27 and H4K20 up to the young pronucleus stage and show that asymmetries reported earlier are systematic for virtually all di-and tri-methylations but not for mono-methylation of H3K4 and H4K20, the only marks studied present in the early male pronucleus. For H4K20 the expanding male chromatin is rapidly mono-methylated. This coincides with the formation of maternally derived nucleosomes, a process which is observed as early as sperm chromatin decondensation occurs. Absence of tri-methylated H3K9, trimethylated H4K20 and presence of loosely anchored HP1-b combined with the homogenous presence of mono-methylated H4K20 suggests the absence of a division of the paternal chromatin in eu-and heterochromatin. In summary the male, in contrast to female G1 chromatin, is uniform and contains predominantly histone H3.3 as histone H3 variant. q
Introduction
In mammalian reproduction, the gametes of the two sexes have very different cell biological roles. After sperm entry, the cell cycle of the dormant metaphase II secondary oocyte is reactivated to proceed into telophase and subsequent female pronucleus (PN) formation, while at the same time the sperm nucleus is reshaped into the male PN (see for reviews Wright, 1999; Sutovsky and Schatten, 2000) .
The major function of the male sperm is to transfer genetic information to the future zygote. Therefore, the sperm chromatin is compacted at a degree of condensation six-fold higher compared to a somatic cell nucleus (Ward and Coffey, 1991) . This condensed state is reached through step-wise transformation of nucleosome-based chromatin into sperm-specific protamine-based chromatin during spermiogenesis. Protamine deposition takes place after spermatid elongation (see for time table Baarends et al. (1999) ) whereas functions such as transcription and DNA repair slowdown at the onset of spermatid nuclear elongation (Sega et al., 1978; Monesi, 1965) . When the two gametes fuse, the sperm-specific chromatin is actively transformed into nucleosomal chromatin. The literature is not specific on the timing of the protamine-nucleosome transition and often contradictive (Rodman et al., 1981; Nonchev and Tsanev, 1990; Kopecny and Pavlok, 1975) .
Thus, the two gametic chromosome sets at the beginning of fertilization are strikingly different. It is this notion that might be at the basis of several biological, for instance epigenetic, differences observed between the parental nuclei in the zygote.
A series of recent reports describe the methylation states of several lysine residues in the N-termini of histone H3 and H4 (Cowell et al., 2002; Arney et al., 2002; Roest et al., 2004; Erhardt et al., 2003; Kourmouli et al., 2004; Liu et al., 2004; Sarmento et al., 2004; Santos et al., 2005) . Strikingly asymmetry for most positions studied was noted: tri-methylated H3K4; diand tri-methylated H3K9, di-and tri-methylated H3K27 and tri-methylated H4K20 are initially only present in the maternal chromatin of the 1-cell zygote. Only monomethylated H3K4, K9 and H3K27 were found to be symmetrical, being present in both PNs (Lepikhov and Walter, 2004; Hewitson et al., 1999; Santos et al., 2005) . Furthermore, differences between the parental nuclei at the transcriptional level have been observed. Although full zygotic genome activation takes place in the 2-cell embryo, leaky transcription is observed from early zygote S-phase on. Throughout the first cell cycle, transcription levels in the male PN are 4 to 5 times greater than in the female PN (Aoki et al., 1997) . It is also known that the paternal PN exhibits higher levels of hyperacetylated histone H4 compared to the female PN (Adenot et al., 1997) . By elevating global acetylation levels of the zygote, transcription can also be observed in the maternal PN, indicating that transcriptional asymmetry is largely due to a more transcription favourable state of the male chromatin as influenced by its hyperacetylation (Wiekowski et al., 1993) .
At G1 of the zygotic cell cycle, DNA-methylation marks are actively removed from the paternal genome during the first 6 h after gamete fusion Oswald et al., 2000) . In contrast, this mark is passively diluted from the maternal DNA over subsequent cleavage divisions by the absence of maintenance methylation (Carlson et al., 1992) .
Another area where the two genomes are not each other's equivalent constitutes the reaction to DNA damage by DNA repair. In the early stages after gamete fusion, the vulnerability of the two genomes to irradiation as measured by the yields of chromosome abnormalities at first cleavage is strikingly different. The maternal complement exhibits levels two to three times higher than the paternal one (Matsuda et al., 1989) .
To obtain a better conception of the chromatin differences between the sexes, that are particularly apparent at the morphological pre-PN level early after gamete fusion, we have chosen to study the protamine-nucleosome transition in mouse sperm after in vitro fertilization (IVF) in conjuncture with an epigenetic characterisation of the two parental genomes in the early zygote.
We determined chromatin remodeling up to 280 min post-insemination in vitro, i.e. up to the PN stage, using antibodies that are specific for protamines, histones, dsDNA and nucleosomes, respectively. Subsequently, we have followed chromatin development in these early postgamete fusion stages with histone H3 and H4 N-terminal tail methyl lysine modifications to evaluate one aspect of epigenetic differences between the two genomes. Our results reveal that after gamete fusion, nuclear morphology transition involves immediate chromatin remodeling, especially in the male complement. During this remodeling, paternal nucleosomes predominantly contain the histone H3.3 variant. As already known, epigenetic hallmarks are set differently between the male and female-derived genomes for di-and tri-methylation. However, we show that this is not necessarily the case for the mono-methylation state.
Results

Accessibility of epitopes for immunofluorescence
From penetration up to the formation of the male PN, there is a continuous morphological change of the sperm chromatin. We distinguish three distinct, successive nuclear shapes/states: (1) type a nuclei, which are partially decondensed with a proximal part reminiscent of the initial sperm chromatin; (2) type b nuclei, which are fully decondensed and (3) type c nuclei, which are re-condensing (see Fig. 1 and Section 4.2 for an overview of the morphologies and their moment of appearance). We performed indirect immunofluorescence (IF) with a dsDNA-specific antibody (ab) #36 in combination with DAPI staining to determine whether the paternal chromatin was accessible for antibodies during the process of male PN formation. The staining by dsDNA ab #36 was nearly absent from condensed chromatin whereas decondensed chromatin was homogeneously stained (see Fig. 2A-F ). An intense staining by #36 could be observed in the border region where the sperm chromatin transits into decondensed chromatin (see Fig. 2A-C) . For the decondensed chromatin, a perfect co-localization of #36 with DAPI was observed for each morphology (see Fig. 2D-F) . Thus, antibody #36 (of IgG class) was not able to fully penetrate the sperm nuclei when still condensed. However, directly after decondensation the chromatin was fully accessible. Therefore conclusions presented here are solely based on observations made on decondensed sperm chromatin.
Loss of protamines
The removal of protamines is believed to be a two-step process: after reduction of intra-protamine disulfide-bonds by glutathione, the actual protamines are removed (Sutovsky and Schatten, 1997; Perreault et al., 1988) . To have a more precise description of the dynamics of this process, we applied indirect IF on early zygotes with an antibody mix recognizing both protamines 1 and 2. Suitability of these abs for IF was confirmed by obtaining a bright nuclear staining of artificially decondensed mouse sperm cells (data not shown). As expected and analogous to the results with the dsDNA ab, an antibody penetrability problem for condensed chromatin was encountered; a faint staining for protamines was observed before decondensation, while a more intense staining could be detected thereafter (see Fig. 2G-L) . Before the onset of decondensation, extrusion of protamines in bulb-like spheres could be observed, which indicated that chromatin remodeling was already in progress before actual chromatin expansion (see Fig. 2G-I ). In decondensing chromatin no protamines could be detected that were part of the chromatin itself, the paternal chromatin was surrounded by protamine spheres (see Fig. 2J -L). These protamine bodies were no longer observed 80 min after gamete fusion. We conclude that protamines were shed from the sperm DNA within 30 min after gamete fusion and had completely disappeared 50 min later.
Deposition of nucleosomes in the sperm DNA
Using PL2-3, an antibody specific for nucleosomes, we could visualize an increasing nucleosomal density upon the start of sperm nucleus decondensation. Signal was readily detected in the expanded chromatin of type a nuclei (see Fig. 2M -O). Thirty minutes after gamete fusion, when the male nuclei had progressed into type b, the staining by PL2-3 was more intense and evenly spread throughout the nucleus (see Fig. 2P -R).
Characterization of an histone H3.1/H3.2 specific antibody
The epitope of antibody #34 was mapped by screening different random peptide phage display libraries. This resulted into the common motif: S-A-P-A-S/T, which corresponds to amino residues 28-32 of the N-terminal region of histone H3.1 (see S6 for a description of the techniques). In this region at position 31, the single Nterminal amino acid difference between H3.1 and H3.3 is located, i.e. a serine versus an alanine residue, respectively. We demonstrated that #34 was specific for H3.1 both in direct and inhibition ELISA (see S1), since we found absolutely no binding of #34 to the H3.3 peptide and no inhibition by the H3.3 peptide. We also tested in direct Fig. 1 . Dynamics and morphology of chromatin rearrangement in the early mouse zygote. Schematic overview of the dynamics and morphological changes of the male and female chromatin, before (A-B) and after (C-I) gamete fusion. All pictures are cut-outs from different zygotes (except I) stained with DAPI. Bar represents 10 mm. Each image shows a distinct phase up to PN formation. To obtain nuclei from each category, zygotes were fixed at specific time points after insemination (see Section 4). Before penetration of the sperm cell (A) the maternal chromosomes are aligned on the metaphase II spindle (B). After gamete fusion, activating factors of the sperm cell release the secondary oocyte from its arrest and the cell cycle progresses into anaphase II (D). At this time, decondensation of sperm chromatin has started (C) causing partial expansion. When both 'original' sperm chromatin and the decondensed chromatin are present, we refer to type a nuclei. Expansion of sperm nuclei proceeds until the male nucleus is fully decondensed: type b nuclei (E). At that time, female meiosis is in early telophase II (F). This was observed 30 min after gamete fusion. 50 min later the majority of the male nuclei started to recondense (G) followed by a second phase of decondensation, commencing in the early male PN stage (I, upper half; expanding male PN observed 3 h post gamete fusion). After telophase II female chromosomes decondensed and simultaneously to the male complement transformed into a PN (I, lower half). These changes in paternal nuclei morphology have been described earlier (Adenot et al., 1991). and inhibition ELISA the influence of some modifications of residues located in/close to the epitope of #34 (see S1) on the reactivity of #34. H3 peptides acetylated on lysine 18 and 23 and/or phosphorylated on serine 28 showed a decreased binding of #34 and an about five-fold higher inhibitory effect compared to the unmodified H3.1 peptide, although less pronounced compared to the H3.3 peptide. We were not able to demonstrate direct binding of #34 to a H3.1 (23-34) peptide di-methylated at lysine 27, but this could be explained by inefficient coating of short peptides. However, in inhibition ELISA the reactivity of #34 with H3.1 (18-37) was hardly influenced by Me(2)H3(23-34)K27 (see S1).
2.5. The paternal chromatin is virtually devoid of histone H3.1-2 during G1
We applied ab #34 on the pre-S-phase zygote and did not detect staining in the paternal chromatin throughout PN formation in contrast to maternal chromatin (see Fig. 3 ), which suggests that the H3 replication variants are absent from the paternal chromatin.
However, because we could not test in ELISA the reactivity of #34 with all combinations of modifications located in or nearby the epitope of #34 (due to the limited availability of modified histone H3 peptides) and Ac-H3K18 as well as Ac-H3K23 are known to be present in the G1 PN (unpublished data; (Stein et al., 1997) ) the possibility that the absence of staining by #34 was caused by an inhibiting effect of nearby H3.1 modifications in situ, still existed. We therefore investigated whether male nuclei type b, c had a low abundance of possibly interfering modifications.
Zygotes were fixed at 80 min post-gamete fusion and double stained with #34 and antibodies specific for modifications in or nearby the epitope of #34 (i.e. Ac-H3K18, Ac-H3K23, Me(1, 2, 3)-H3K27 and P-H3S28). In type b, c nuclei, a faint staining by the antibody specific for Ac-H3K18 was observed, while none of the other modifications could be detected (see S2). At this time point #34 was usually absent from the paternal nuclei (see S2), although occasionally nuclei showed speckles.
Around 80 min post gamete fusion the maternal complement progressed into late telophase II, levels of Ac-H3K18, Ac-H3K23, Me(3)H3K27 and P-H3S28 were low or undetectable. In contrast, the antibodies specific for mono-, di-methylated H3K27 prominently stained the maternal complement (data not shown). Notably, staining by #34 was virtually absent from maternal metaphase II chromosomes, but during anaphase II the #34 signal appeared rapidly, while during telophase II, #34 brightly stained the maternal chromatin and that of the polar body (see Fig. 3 ). Opposite to the staining pattern by #34 of the maternal complement, the antibody specific for P-H3S28 strongly stained the maternal metaphase II chromosomes, but this staining quickly diminished after progression of meiosis II and disappeared completely during early telophase II, (see S2 and S3). It is only this H3.1 modification in the vicinity of the epitope of #34 whose disappearance showed a strong correlation with the appearance of staining by #34, which was in agreement with the ELISA data for #34 (see S1). All antibodies specific for the three methylation states of K27 on H3 did not block the epitope of #34 as revealed by double staining. This shows that these methyl groups do not, or to a lesser extent interfere with #34 binding compared to the phosphoryl group on S28 of H3. The speckles of #34 staining occasionally observed in the male nuclei possibly result from DNA-synthesis coupled repair (when H3.1 is deposited) and/or from nucleosomes of paternal origin.
Taken together, the data of the ELISA and (double) stainings of the paternal/maternal chromatin by #34 and/or antibodies specific for H3 modifications showed that H3.1 is virtually absent from the paternal chromatin.
Presence of H3.3 specific histone chaperone Hira in paternal nuclei
Earlier we showed an increasing presence of nucleosomes in the pre-PN paternal chromatin. Combined with the notion that H3.1 was absent from this chromatin, the only candidate for fulfilling the histone H3 role in the paternal nucleosomes post-gamete fusion is H3.3. The lack of a valid antibody specific for H3.3 forced us to use antibodies raised against the histone H3.3 chaperone Hira (Hall et al., 2001) , recently shown to be specific for deposition of H3.3-H4 dimers onto the DNA (Tagami et al., 2004) . Staining with a Hira specific ab revealed this protein to be present in the sperm chromatin from its initial phase of decondensation until early PN formation (see Fig. 4A -C). At 3.5 h after gamete fusion, however, the signal had diminished to undetectable levels in 52% of the paternal nuclei (nZ46); indicating differences in the rate of paternal remodeling between zygotes. Hira was not detected in the maternal complement up to PN formation, after which it was present in a minority of the maternal PNs evaluated.
Apparently, DNA synthesis independent nucleosome deposition also occurs in the maternal complement in a subset of zygotes. The time window of presence of Hira in sperm chromatin specifies the dynamics of nucleosome deposition; apparently de novo histone deposition after gamete fusion starts at the very beginning of chromatin decondensation and is completed roughly 4 h after gamete fusion.
Appearance of H3.1
Since deposition of the replication H3 variants is strictly coupled to DNA synthesis the epitope for ab #34 should appear in the paternal chromatin during S-phase. The onset of DNA replication in zygotes is well described in the literature and starts 7 h after gamete fusion (Aoki and Schultz, 1999) . In our IVF system, the majority of zygotes start S-phase between 7 and 8 h after insemination. Staining of zygotes that had progressed into S-phase showed a strong #34 signal in the parental chromatin sets (see Fig. 5C ). To see if onset of DNA replication and appearance of #34 signal coincided, we cultured zygotes in the presence of BrdU and proceeded with the detection of incorporated nucleotide in combination with #34 staining, 7 and 8 h after insemination. Zygotes showed either absence of both signals in the paternal PN (zygotes that had not yet progressed into S-phase) or presence of both signals (zygotes that had started DNA replication) (see Fig. 5A , B). Paternal chromatin stained by BrdU or #34 only could not be detected, which again demonstrates the deposition of histone H3.1 to coincide with the start of DNA replication.
Lysine methylation states of the parental chromatin in the early zygote
The presence and time of appearance of specific histone H3/H4 methylation before and after PN formation up to 210 min post-gamete fusion was visualised by using antibodies that are highly specific for mono-, diand tri-methylated histone H3 (at positions K4, K9 and K27) and histone H4 (at position K20) (Perez-Burgos et al., 2004) . All methylation states were present in the maternal metaphase II chromosomes up to PN formation except Me(2)H4K20 (see Fig. 6A -D, S3, S5 for, respectively, PN stainings, metaphase II stainings and relative intensities in all stages and control cells). This mark was absent at all stages, though present in cumulus cell nuclei used as a control (see S4). Me(1)H3K9 was usually present in the maternal PN but always at a low level (see Fig. 6C ); occasionally no signal was detected; again control cumulus cells always showed a prominent nuclear signal (see S4).
During this period the male chromatin did not stain for: Me(1)-H3K9, -H3K27; Me(2)-H3K4, -H3K9, -H3K27, -H4K20 and Me(3)-H3K4, -H3K9, -H3K27, -H4K20 (see Fig. 6a(A-D) ). To test the possibility that these methyl marks are present in the original sperm chromatin but are removed during chromatin remodeling, as recently was assumed for Me(3)H4K20 (Kourmouli et al., 2004) , we stained type a and/or b nuclei. For none of the methyl marks absent in the male PN, IF signals were detected in the decondensed chromatin at these stages. As shown earlier, antibodies are not able to penetrate condensed sperm chromatin so we cannot draw any conclusions for this type of chromatin.
Mono-methylation of H3K4 and H4K20 were the only marks present in both parental PNs. The appearance of these two modifications differed. Me(1)H4K20 was observed strikingly early after gamete fusion. In type a male nuclei Me(1)H4K20 could be detected in the periphery of the expanding chromatin and type b male nuclei were stained throughout the entire nucleus (see Fig. 6E ). Also in the early paternal PN a homogeneous signal was observed. This was different from the maternal PN where staining was less intense in heterochromatic regions, which reside around the pre-cursor nucleolus (see Fig. 6D ). Me(1)H4K20 was absent from centromeric constitutive heterochromatin of maternal metaphase II chromosomes and DAPI bright heterochromatic regions in cumulus cell nuclei (see S3, S4) in concordance with an earlier report (Fang et al., 2002) .
Me(1)H3K4 emerged in the male chromatin nearer to the time of PN formation. In the PN a speckled staining pattern was observed in both parental nuclei (see Fig. 6A ). Maternal metaphase II chromosomes showed a diffuse distribution of Me(1)-H3K4 and signal was absent in the heterochromatic regions of cumulus cell nuclei (see S3, S4). 
Distribution of HP1a and b in the early zygote
Heterochromatin Protein 1 (HP1) is a crucial protein in the formation of heterochromatin domains through its ability to bind Me(3)H3K9 (Lachner et al., 2001) . To see whether absence of this modification leads to a different location of HP1 in the male PN compared to the female one, we stained with antibodies specific for the isoforms mostly associated with heterochromatin, HP1-a and HP1-b (Li et al., 2002) . We did not detect HP1-a in the first cell cycle in both parental nuclei (see Fig. 7A ).
HP1-b, on the other hand, was present in the maternal complement during anaphase II while absent from the male chromatin (see Fig. 7B ). Shortly after PN formation, HP1-b was observed in both PNs, as has been reported earlier (Arney et al., 2002) . Furthermore, a rim of HP1-b was seen around both nuclei that later disappeared (see Fig. 7C ). This may represent the entry of HP1-b into the nuclei. From this phase on a difference in localization of HP1-b between the parental PNs is seen. In the maternal complement HP-1b co-localizes with the bright DAPI stained heterochromatin while in the paternal PN, localization is diffuse and does not co-localize specifically with any DNA domain (see Fig. 7D ). To see if there is a difference between the anchoring of HP-1b to maternal and paternal chromatin we performed lysis experiments. In contrast to the female PN, levels of HP1-b decreased in the male PN upon treatment: although present, HP1-b is not tightly bound to the male chromatin (see Fig. 7E ).
Discussion
Removal of protamines and appearance of nucleosomes is an early process
Until now it has not definitively been shown at which phase of decondensation of the sperm nucleus, the actual removal of protamines takes place and maternal nucleosome deposition commences (McLay and Clarke, 2003) . By immunofluorescence analysis with antibodies specific for protamines, dsDNA, histones and nucleosomes, we could correlate the change of chromatin morphology with the presence or absence of protamines. Extrusion of protamines starts before decondensation and within 30 min post-gamete fusion the male chromatin does not co-localize with the protamines any more (see Fig. 2G-L) . A different observation has been made by Nonchev and Tsanev (Nonchev and Tsanev, 1990 ) who still were able to detect protamines 8 h after sperm penetration in the paternal PN. We can only explain this apparent discrepancy by the use of different antibodies and techniques. We detected nucleosomes by staining with the nucleosome-specific antibody PL2-3 in the earliest stages of the expanding sperm nucleus, which could maybe in part be explained by the fact that an estimated 1% of mouse sperm DNA is bound to nucleosomes (personal communication R. Balhorn). A steep increase in nucleosome density was observed, however, after the start of decondensation (see Fig. 2M-R) . Hira, a histone chaperone that deposits H3.3-H4 dimers onto DNA (Tagami et al., 2004) , co-localizes with the expanding sperm chromatin in the zygote (see Fig. 4A ). Apparently, the onset of deposition of maternally derived nucleosomes takes place at the moment of paternal chromatin expansion. The only indication that DNA might be completely devoid of nucleosomes and protamines during expansion of the sperm chromatin was the brighter staining by the antibody specific for dsDNA at the interphase of condensed and decondensed chromatin (see Fig. 2A-C ). This finding also indicates an absolute coincidence between decondensation and nucleosome formation.
We now have obtained a clear picture of paternal chromatin remodeling; protamines are removed from expanding chromatin, which is completed within 30 min after gamete fusion. During this period nucleosome formation starts, continuing over a period of roughly 4 h in the zygote as deduced by absence of Hira in 52% of the paternal PNs at around that time point. 3.2. H3.3 is the predominant histone H3 variant in zygotic male chromatin before S-phase, H3.1 appears during DNA replication
The nucleosome core particle consists of two copies of Histone H2A, H2B, H3 and H4. For Histone H2A, H2B and H3 variants have been described (Henikoff et al., 2004) . Histone H3 has three functionally different subtypes: CenH3, which is strictly localized in the centromeres and highly diverged in sequence from the canonical H3 of which two functional variants exists: the replication variants (H3.1 and H3.2), and the replacement variant (H3.3). The utilisation of the H3 replication variants, which differ from each other in only one amino acid, is strictly limited to DNA synthesis linked nucleosome assembly (Ahmad and Henikoff, 2002b) . When nucleosomes are formed without occurrence of DNA synthesis, H3.3 is incorporated (Ahmad and Henikoff, 2002a) . This specialisation of H3 subtypes is reflected in their chaperones. H3.1 (and H3.2) is deposited as a H3-H4 dimer by Caf-1 while H3.3 is deposited, also as a H3-H4 dimer, by Hira (Tagami et al., 2004) .
The deposition of maternal nucleosomes onto paternal DNA directly after gamete fusion is not accompanied by DNA synthesis. By axioma these nucleosomes will contain H3.3 as histone H3 variant. Characteristic for mouse sperm chromatin is the near absence of nucleosomes. Therefore virtually all the paternal chromatin will be wrapped around newly deposited H3.3 containing maternal nucleosomes.
We have characterized a monoclonal antibody (#34) whose epitope encompasses amino acid positions 28 to 32 of the N-terminus of H3. The single amino acid that differs between the N-terminus of the replication H3 variants, H3.1/H3.2, and the replication-independent variant, H3.3 is located within the epitope of #34 at position 31. It is this one amino acid difference that allows antibody #34 to discriminate between the two H3-types; recognizing only the replication variants (H3.1/H3.2) and not the DNA synthesis independent replacement variant (H3.3) (see S1).
With this antibody we show that the H3 replication variants are virtually absent from the zygotic pre-S-phase paternal chromatin, concordant with the specialised functions of the H3 subtypes. The antibody brightly staining the maternal chromatic counterpart is a demonstration of its functionality (see Fig. 3 ). We were not able to demonstrate the presence of H3.3 directly because of the lack of a valid antibody. However, we could show its presence indirectly by staining for the H3.3-specific chaperone Hira (see Fig. 4 ). In conclusion, the absence of H3.1 combined with the presence of nucleosomal chromatin and Hira, strongly suggests that H3.3 is the predominant H3 variant present in the paternal chromatin during zygotic G1.
The sheer absence of the H3 replication variants from the paternal chromatin allowed us to observe their first appearance which indeed coincided with the onset of S-phase as determined by BrdU incorporation (see Fig. 5A, B) .
Lysine methyl marks in the zygote
In recent years it has been shown that post-translational modification of histones can act as regulators in a variety of biological processes. Attachment of methyl groups to designated lysine positions, preferably in H3 and H4, are highly stable modifications and thereby attain epigenetic properties (Lachner and Jenuwein, 2002; Sims et al., 2003) . Lysine methyl marks function by creating a binding place for proteins that, in turn, exert their role, or alternatively block these binding places for other proteins (Plath et al., 2003; Lachner et al., 2001; Santos-Rosa et al., 2003) .
Lysine residues can be mono-, di-, or tri-methylated (Fischle et al., 2003) . The functional differences of the various methylation states begin to emerge only now. However, the tri-methylated state is often regarded as being the most explicit one.
The presence of histone N-termini methylations on the parental chromatin in the early zygote has been studied before but not in a systematic way (Cowell et al., 2002; Liu et al., 2004; Arney et al., 2002; Roest et al., 2004; Kourmouli et al., 2004; Erhardt et al., 2003; Sarmento et al., 2004; El Maarri et al., 2001; Lepikhov and Walter, 2004; Hewitson et al., 1999) . Intriguingly there seem to be some discrepancies between observations on histone lysine methylation patterns in the zygote.
Me(2)H3K9 has been reported to appear in both PNs 3-6 h after gamete fusion (Erhardt et al., 2003) , another report mentions this to occur after DNA replication (Santos et al., 2005) while other reports state that it is not present throughout the zygotic cell cycle in the paternal chromatin at all (Lepikhov and Walter, 2004) or in some PNs, only barely detectable (Liu et al., 2004) . Our finding that Me(2)H3K9 is not present in the early paternal PN, however, seems to be in concordance with most reports. Regarding appearance of Me(3)H3K27 in the paternal PN, observations also differ. This mark has been reported to appear 3-6 h after gamete fusion (Erhardt et al., 2003) whilst emergence after DNA replication (14 h after gamete fusion) has also been communicated (Santos et al., 2005) . Our data regarding Me(1)H3K9 and Me(1)H3K27 is conflicting with Santos et al., (Santos et al., 2005) who describe the appearance of these marks in the pre-PN paternal chromatin. We had troubles obtaining a sharp signal for Me(1)H3K9 though this does not seem to be due to our preparation technique since a clear nuclear signal was obtained when 4-cell embryos were stained (data not shown). Me(1)H3K27 we readily detected in the maternal chromatin (see Fig. 6c ) but we did not observe this mark in the paternal chromatin in the time window under study here. Whether all these differences are biologically significant remains an urgent question.
Parental chromatic asymmetry and the maternal to zygote transition
During pre-implantation development, the chromatin of the highly differentiated germ cells is transformed to accommodate a cleavage stage embryo with pluripotent blastomeres. This transformation is part of Maternal to Zygotic Transition (MZT), comprising degradation of maternal messengers, replacement of maternal transcripts by zygotic ones and the reprogramming of the parental genomes into the versatile embryonic genome (Schultz, 2002) .
It is at its onset that we, and during the MZT that others have observed asymmetries in the parental chromatin. In what way are these asymmetries observed linked to this process? Do they have a primary biological reason or are they just mere consequences of sperm nuclear transformation?
An answer to the first question regarding H3-type asymmetry seems apparent. The absence of H3.1 in the pre-S-phase paternal nucleus fits well with recent reports, showing that H3.1 is only incorporated when nucleosome deposition is coupled to DNA synthesis, while H3.3 is deposited when nucleosome assembly is DNA synthesis independent (Ahmad and Henikoff, 2002a) . The H3-type asymmetry therefore is likely to be a direct consequence of this H3-type specialisation. Although our finding is in concordance with this, it broadens the biological utilisation of H3.3. Deposition of H3.3 has until now been linked to transcriptionally active loci (Ahmad and Henikoff, 2002a; Janicki et al., 2004; Schwartz and Ahmad, 2005; Chow et al., 2005 ). Here we demonstrate that utilization of histone H3.3 is linked to DNA synthesis independent histone deposition, not involving gene activation; the zygotic chromatin is not transcriptionally active through G1 (Aoki et al., 1997) .
Throughout the animal kingdoms, sperm specific protamine-based chromatin is a common phenomenon (Lewis et al., 2003) . The protamine-nucleosome transition will consequently result in a high paternal H3.3 content. The parental H3-type asymmetry observed here, however, will not be an absolute on. Female germ cells enter meiotic prophase I arrest during foetal growth. Release follows from hormonal stimulation at reproductive age, subsequent to the period of oocyte growth during follicle development that demands transcription. Both the long time meiotic arrest, in which deposition of H3.1/H3.2 is likely to be minimal, and the transcriptional activity, when H3.3 is prone to be deposited at active chromatin, will probably elevate the H3.3 content of the maternal chromatin. From this we conclude that H3.3 is far more abundant in the early embryonic chromatin then previously may have been realised.
The general idea regarding nucleosome deposition during S-phase is that the newly synthesised DNA is assembled on parental and de novo synthesized nucleosomes. This implies that the level of original H3.3 in the paternal chromatin is diluted two-fold every round of replication. With the paternal level of H3.3 containing nucleosomes close to 100%, this implies that in the G1 of the 2-cell zygote levels are reduced to w50% and after the second S-phase to around 25% (if we ignore H3.3 deposition induced by transcriptional activation and possibly H3.1 deposition linked to DNA repair). It is during the second S-phase that a repressive state of chromatin for transcription is established (Schultz, 2002) . Whether the drop of paternal H3.3 content to 25% in some way is linked to the reduced transcriptional activity observed in this Sphase remains to be investigated. The idea that H3.3 has an intrinsic transcription facilitating capacity has not yet been tested.
In mouse spermiogenesis, the nucleosome-protamine transition will diminish heritage of lysine methyl marks of paternal chromatin after gamete fusion. Initial asymmetry in the zygote is therefore a direct consequence of the almost absolute absence of nucleosomes in mouse sperm.
The observed asymmetries are not all restricted to zygotic chromatin
In the 2-cell embryo, the paternal and maternal chromatin are still asymmetric for the heterochromatin associated marks Me(2,3)H3K9 and Me(3)H4K20 (Liu et al., 2004; Kourmouli et al., 2004; Cowell et al., 2002) . At the 4-cell stage chromatin is homogenously stained for Me(2,3)H3K9 and Me(3)H3K27, indicating that the corresponding Histone Methyl Transferases (HMTases) are active at that time (Liu et al., 2004; Erhardt et al., 2003) . This has indeed been shown for the Me(2,3)H3K9 HMTases (Liu et al., 2004) . Thus, at least two histone lysine tri-methyl marks, perhaps more, appear in the paternal chromatin of the 4-cell embryo.
Absence of Me(3)H3K9 results into a-specific and more loosely bound HP1-b to the paternal chromatin (see Fig. 7E ). HP1 plays a central role in formation and maintenance of heterochromatin by binding Me(3)H3K9. Interestingly the three isoforms of HP1 (a, b, g) all have different times of appearance: HP1-a was not detected up to the 4-cell stage, HP-1b was present in zygotic G1 and presence of HP1-g has been observed in S/G2 phase of the zygote (Arney et al., 2002) .
Possibly the instalment of modifications that induce chromatin compaction, like Me(3)H3K9, is prolonged until full reprogramming of the paternal genome is realised, as a way to prevent preliminary locking of chromatin domains into a more static form. During this reprogramming, several processes involving chromatin remodeling are likely to benefit from a more open chromatin structure of which we can mention three.
First, the deposition of maternal nucleosomes is probably occurring randomly onto the paternal DNA, placing regulatory sequences in a less favourable context. It has been suggested that the first round of DNA replication is used as an opportunity for the maternally derived transcription machinery to gain access to their target sequences (Schultz, 2002) thereby explaining the stimulating effect of the zygotic S-phase on the level of transcription in the 2-cell stage (Aoki et al., 1997) . The sliding of nucleosomes that will accompany this process will benefit from reduced chromatin condensation.
Second, the active removal of DNA methylation in the paternal chromatin is finalized 6 h after gamete fusion . The as yet unidentified machinery responsible for removing these marks is also likely to benefit from a lack of chromosome condensation, as hypothesized earlier by Cowell et al., (Cowell et al., 2002) .
And third, repair of DNA lesions, which is always accompanied with chromatin remodeling, will be swifter. The lower incidence of chromosomal abnormalities after ionising radiation at G1 in the paternal PN, when compared with the maternal PN might be a reflection thereof (Matsuda et al., 1989) .
Thus, another motive for refraining from histone lysine methyl marks in paternal chromatin could be the embryo's need to erase the paternal DNA-methylation settings. As mentioned above, paternal DNA is actively demethylated within 6 h after gamete fusion . In contrast, the maternal DNA only undergoes passive removal of this mark at S-phase caused by the absence of the maintenance DNA methyltransferase Dnmt1 (Carlson et al., 1992) . Interplay between DNA methylation and histone lysine methyl marks has been described for Me(3)H3K9 in pericentric heterochromatic regions of mammalian cells where Me(3)H3K9 is able to direct DNA methylation (Lehnertz et al., 2003) . If DNA methylation and lysine methyl marks interact, an erasure of paternal chromatin settings could be a prerequisite for proper embryo development. Prohibiting formation of these interacting lysine methyl marks will then protect the future embryo from a precocious setting of paternal chromatin marks through an untimely interplay with DNA methylation, which is still present when the protamine-nucleosome transition has taken place .
Although the endpoint of demethylation of the paternal DNA has been described (6 h post-gamete fusion) ), the onset of this process is less clear. If demethylation of the paternal DNA commences after PN formation, the possibility exists that during the pre-PN stage, some of the epigenetic memory that is coded via DNA methylation, is transmitted through Me(1)H4K20, the only histone lysine methyl modification we found to be present from the beginning of sperm chromatin expansion on (see Fig. 6E ).
Deviating from the repressing tri-methyl lysine marks is Me(3)H3K4, which is associated with transcriptional activity (Santos-Rosa et al., 2002) . The initially observed asymmetry for Me(3)H3K4 fully disappears 12 h after gamete fusion when intensity levels are equal in the parental PNs (Lepikhov and Walter, 2004) . Appearance of this mark might be linked to the transcriptional activation of the zygotic genome. The appearance of Me(1)H3K4 around the onset of PN formation appears to be a prerequisite here for.
3.6. A role in sensing DNA damage for H4K20 methylation?
A recent finding in fission yeast indicates a role in DNA damage sensing for H4K20 methylation. In Schizosaccharomyces Pombe methylated H4K20 has been shown to form a binding site for the DNA damage cell cycle signalling protein Crb2 (a 53BP1 ortholog) (Sanders et al., 2004) . A role for MeH4K20 in DNA damage sensing has not been established in mammalian cells yet and it is therefore uncertain whether Me(1)H4K20, which we observe in the paternal chromatin from the onset of nucleosome formation on (see Fig. 6E ), has a direct function in DNA damage sensing. Although not determined yet, the simultaneous appearance of Me(1)H4K20 with massive nucleosome assembly could imply that the HMTase responsible for this mark is part of the general nucleosome deposition machinery, increasing the likelihood of a biological function.
The differences observed in localization of this mark between the parental nuclei can be explained by absence or inactivity of HMTase(s) that convert the mono methyl mark to di-or tri-methyl. This is most clear in the peri pre-cursor nucleolar region where the constitutive heterochromatin is located. In the maternal PN, Me(1)H4K20 is absent in this region but Me(3)H4K20 is present while in the paternal PN only Me(1)H4K20 shows up at this location (see Fig. 6D ). This is another demonstration of the lack of distinction between euchromatin and heterochromatin in the male chomatin. Me(2)H4K20 was the only mark absent in both PNs (see Fig. 6D ). Elevated levels cause cytokinesis defects, as has been recently described (Julien and Herr, 2004) . The authors hypothesize that due to the stable nature of lysine methylation, a switch from mono-to di-methylation may result in a regulatory dead end (Julien and Herr, 2004) . Knowing that Me(3)-H4K20 is strictly localized in constitutive heterochromatin (Schotta et al., 2004; Kourmouli et al., 2004) and Me(1)-H4K20 in euchromatin, Me(2)-H4K20 levels might be kept low to avoid an ambiguous choice between these two states in early development. The H4K20 HMTases that have been described are mono-/di-methylases (prSet7, also referred to as Set8) (Fang et al., 2002; Nishioka et al., 2002) and two tri-methylases (SuvH4-K20a and b) (Schotta et al., 2004) . Our data indicate presence of another, specific H4K20 mono-methylase or a mechanism that narrows prSet7/Set8 activity to converting H4K20 into Me(1)H4K20.
Experimental procedures
Gamete collection and IVF
All media and culture dishes used for IVF were made one day in advance and kept at 37 8C; 5% CO 2 in air to ensure maximum equilibration.
Sperm was obtained from CBA/B6 F1 mice of 6-20 weeks old. Cauda epididymis were partially cut open in a 50 ml droplet HTF-HEPES (Cambrex; BE02-022F) 0.5% BSA (Sigma; A-4503) and were left for 5 min at 37 8C to allow swimming-out. Hereafter the sperm suspension of 2 cauda was transferred to the bottom of a 4.5 ml Greiner bioone PS-Tube with HTF (Cambrex; BE02-021F) 3% BSA and 10 mMol adenosine, a capacitation stimulator (Fraser, 1993 ) (Sigma; A-5762). The sperm suspension was incubated at 37 8C, 5% CO 2 in air for 1 h. At 45 min a sample was taken to perform a sperm count.
Female B6/CBA mice (4 to 12 weeks old) were housed with adjusted light hours set at 9.00-21.00. Superovulation was induced by injecting 7.5 U PMSG (Intervet, Boxmeer, The Netherlands) around 18.00 and 7.5 U HCG (Intervet) 48 h later. Females were sacrificed the next morning at 9.00. Cumulus cell masses containing metaphase II oocytes were removed from the ampullae of oviducts and transferred per female to 50 ml HTF 0.5% BSA droplets covered with light mineral oil (Irvine Scientific; #9305). Sperm was added to these droplets to a final concentration of 1!10 6 cells/ml.
Timing of zygote development
By paraformaldehyde (pfa) fixation (see fixation and immunofluorescence) and DAPI-staining at various time points post-insemination (pi), it was determined that the majority of secondary oocytes was penetrated after 70 min. For dynamics of the protamine -nucleosome exchange and localization of the histone chaperone Hira, zygotes were fixed at 4 time points pi: 70, 100, 150 and 280 min. Each time point yields zygotes in which the majority of the paternal nuclei represent a distinct morphology (see Fig. 1 ). #34 double stainings were done with zygotes fixed at 150 min pi. For the lysine methylation stainings zygotes were fixed at 100 and 280 min pi. In addition Me(3)-H3K20 stainings were also carried out at 70 min pi. Between zygote variation with regard to progress of sperm head decondensation was observed at early time points (70 and 100 min pi), rendering pools of zygotes with different parental chromatin morphologies. This enabled us to obtain a clear picture of the sequence and timing of changes in parental chromatin. In general, however, gamete fusion occurred relatively simultaneous and the timing of morphologies was similar to that of Adenot et al. (Adenot et al., 1991) . At later time points (150 and 280 min pi), hardly any variation in nuclear morphology remained, indicating that the timing of gamete fusion between zygotes differs little but the process of sperm head decondensation is rapid. All zygote time points mentioned in this report are compensated for the 70-min lag phase to give the minimal time periods for the stages described.
Fixation and immunofluoresence
Before fixation of the zygotes the zona pellucida was removed with acidic tyrode (pH 2.5) containing 1% BSA. Thereafter cells were immobilised in a fibrin clot (Hunt et al., 1995) (fibrinogen obtained from Calbiochem cat. nr. 341573; Thrombin obtained from Sigma, cat. nr. T-6634). IF was applied as described before (Baart et al., 2000) . HP1-b was washed away by incubating fibrin immobilised zygotes for 10 min in PBS 0.15% Triton-X-100 before fixation and IF.
BrdU incorperation
Zygotes were transferred 4 h pi to culture medium containing 16 mM BrdU (Sigma; B-9285) and incubated until 7 or 8 h pi. After immobilisation and fixation (see above) cells were incubated for 10 min at 37 8C with the nuclease solution from the Amersham BrdU labelling kit (RPN202). Ab #34 and a-BrdU were differentially labelled with the Zenon direct labelling kit (Molecular Probes, Oregon, United States; Z-25102, Z-25107).
Collection of images
Images were collected with a Zeiss axioplan fluorescence microscope. Pictures were captured by a Zeiss AxioCam MR camara with Axiovision 3.1 software (Carl Zeiss). All images shown are derived from stacks with z-axis intervals of 0.2 mm. Stacks were deconvoluted with Metamorph software version 6, using the nearest neighbour mode. Images shown are either stacks projected into a single image or a single slide of a stack. Photoshop was used to enhance levels if needed.
